Green and efficient treatment of wastewater containing heavy metal is greatly desired. Thus, in this study, membrane-free electrodeionization, which allows the electrical regeneration of the packed resins without the use of membranes and chemicals, was performed for the removal of nickel ions from wastewater. In this MFEDI system, an improved stack configuration was used to prevent nickel hydroxide precipitation and phosphonic acid resin was adopted for adjusting the pH to neutral. The operation parameters (including current density, flow rate during electrical regeneration, and initial nickel concentration) were evaluated in relation to the electrical regeneration of the exhausted resins, the water recovery ratio as well as the energy consumption. The results showed that, the increase of current density and flow rate resulted in better electrical regeneration effect, while the initial nickel concentration had no obvious influence on this process. Their optimal values for energy consumption and water recovery ratio were as follows: current density of 300 A/m 2 , flow rate of 10.6 L/h, and initial nickel concentration below 10 mg/L. Under these conditions, the water recovery ratio, energy consumption, pH of the concentrate stream, and conductivity of the dilute stream were, respectively, 87.5%, 4.0 kWh/m 3 , 5.9-7.5, and below 0.3 μs/cm.
INTRODUCTION
Heavy metals are a major source of pollution, causing global concern. Toxic heavy metals are known to be non-degradable, and can accumulate in living organisms, leading to serious environmental and public health issues [1, 2] . Among them, nickel is generally produced in the industrial operations, such as metal electrolysis, electroplating, paper production, mining, and tannery activities [3, 4] ; excessive ingestion of nickel may cause skin dermatitis, shortness of breath, severe kidney problems and even skin and lung cancers [5, 6] . Besides, since both water and nickel ions are precious, the simultaneous wastewater reuse and nickel recovery are much needed in the industrial field.
Various technologies are currently employed for the nickel removal from wastewater, including chemical precipitation [7, 8] , adsorption [9] [10] [11] , ion exchange [12, 13] , reverse osmosis [14, 15] , coagulation-flocculation [16, 17] and electrodeionization [18] [19] [20] . Chemical precipitation is the most widely used process, but its effluent hinders meeting the reuse requirement and the generated sludge induces secondary pollution. Ion exchange is another conventional, high efficiency method. However, the exhausted ion exchange resin should be regenerated with high concentration of alkali and acid. Such a chemical regeneration is laborious, and produces large number of waste water containing acid, alkali and salt ions.
Electrodeionization is a hybrid method: the ion exchange resins are placed in electrodialysis chambers [21] [22] . This combination allows the electrochemical regeneration of the ion exchange resins by hydroxide and hydrogen ions, which are formed via electrolysis [23] [24] ; thus, there is no secondary pollution. Nevertheless, this method presents some drawbacks due to the use of membranes, including membrane fouling, scaling, and high intrinsic costs [25] .
Relatively, membrane-free electrodeionization (MFEDI) is an attractive approach for the electrical regeneration of ion exchangers [26] [27] . It consists of two steps, alternating with purification and electrical regeneration. During purification, MFEDI is conducted similarly to the conventional ion exchange process and no current is supplied. Through this process, high purity water can be produced. When the resin is exhausted, electricity is supplied, starting the electrical regeneration step; the ion exchange resins are promptly regenerated by hydroxide and hydrogen ions, which come from the water electrolysis and splitting reactions, driven by the electric field. Unlike the simple ion exchange method, no chemicals are needed for the resin regeneration. Compared with conventional electrodeionization, no membranes are required, avoiding their associated limitations. Therefore, MFEDI is more effective than electrodeionization and ion exchange in decreasing both costs and pollution.
However, its stack configuration is not applicable for the treatment of nickel containing wastewater due to the following drawbacks [27] . The reaction between hydroxide ions and nickel ions can lead to nickel hydroxide precipitation; moreover, the concentrate stream may be acidic, which prevents its direct reuse.
In recent studies, nickel hydroxide precipitation has been successfully prevented by improving the MFEDI stack configuration [28] and neutral pH was achieved by introducing a phosphonic acid resin [29] . Nevertheless, the effects of the operation parameters on the ion exchanger regeneration and the MFEDI performance in terms of energy consumption and water recovery ratio are still unknown. Hence, more efforts are required to optimize the results.
The present study investigated the influence of the initial nickel concentration, flow rate during electrical regeneration, and current density on the MFEDI process. In addition, the effectiveness of the stack configuration was further examined. This work differs from a previous study [28] that investigated the feasibility of MFEDI for treatment of nickel containing wastewater for the first time, examined the roles of the resin bed configuration in preventing nickel hydroxide precipitation, and the mechanism of electrical regeneration. In addition, the present study used a layered mixed bed configuration, whose suitability for the nickel containing wastewater treatment has been previously demonstrated [28] .
EXPERIMENTAL

Ion Exchangers
Polystyrene-based anion exchanger 550A (strongly basic; Dow, China) and polyacrylic acidbased cation exchanger D113 (weakly acidic; Zhengguang Co., China) were used; the first is a gel type, while the D113 is macroporous. The phosphonic acid resin was synthesized via the Arbuzov reaction [30] ; the detailed procedure is described in [26] . Table 1 summarizes the main characteristics of all these ion exchangers. Prior to use, both the phosphonic acid resin and 550A were fully washed with deionized water. D113 was pretreated by soaking in 4% NaOH for 6 h and repeated washing with deionized water, followed by regeneration with 5% HCl to be converted into the hydrogen form and further washing with deionized water. 
Feed Solutions
The experiments were conducted with mixed NiSO4/NiCl2 solutions. They were prepared with various nickel concentrations (5.0, 10.0, 15.0 and 20.0 mg/L). The NiCl2/NiSO4 concentration ratio in feed solutions was 2.5, based on the effluent of reverse osmosis (RO) treated nickel electroplating wastewater. All the reagents were of analytical purity.
Experimental System
The experimental setup described in [28] was adopted. It consisted of a compartment packed with the ion exchange resins and two Pt-coated Ti mesh electrodes (Fig. 1) . The compartment and the resin bed were 3 cm in diameter; the electrode gap, corresponding to the resin bed thickness, was 50 cm. Both electrodes had an effective area of 7.1 cm 2 . The resin bed was divided into two parts having the same thickness (25 cm); the upper and lower parts were filled with, respectively. the 550A/phosphonic acid resin and the D113/550A mixtures. The volume ratio of the anion exchange resin to the cation exchange resin in the mixtures was 2:1. The ion exchange resins were compressed by a spring. Constant current was provided by a direct current power (Shuanghong Electronics Co., China). 
Wastewater Purification
The two MFEDI processes (purification and electrical regeneration) were operated in batch mode. During purification, the compartment was filled with a pretreated or electrically regenerated ion exchanger, with no electricity. The nickel containing wastewater was continuously treated at an upward flow rate of 7.1 L/h and the dilute stream was obtained at the upper outlet. Salt ions in solution were exchanged with hydrogen or hydroxide ions in the resins, allowing purification of wastewater and production of high purity water (dilute stream). When the conductivity of the dilute stream exceeded 0.3 μs/cm, the electrical regeneration step started.
Electrical Regeneration of the Resins
During this phase, a constant current density (250, 300 and 350 A/m 2 ) was supplied and high amounts of hydrogen and hydroxide ions were produced by enhanced water splitting and water electrolysis to be exchanged with the salt ions in the exhausted resins. This condition enabled the electrical regeneration of the ion exchangers, which could be used again for the wastewater purification. A downward flow rate (7.1, 10.6 and 14.2 L/h) was chosen to obtain a concentrate stream with a high nickel concentration for recovery. As shown in Fig. 1(b) , deionized water entered the MFEDI system through the upper inlet, and the concentrate stream came out through the lower outlet [31] . Unlike the dilute stream, the concentrate stream was composed of nickel, chloride and sulfate ions, which were released from the resins by electrical regeneration process. The electrical regeneration lasted for 20 min. Thereafter, the purification step started again.
Analysis
All the experiments were carried out at 298 K. Solutions of both the dilute stream during purification and the concentrate stream during electrical regeneration were collected at predetermined time intervals. The conductivity of the dilute stream, nickel concentration and pH of the concentrate stream, as well as the cell voltage were evaluated: a conductivity meter (Sension 5, Hach, Ameirica) was used to measure the solution conductivity, the nickel concentration was determined using a flame atomic spectrophotometer (AA-6300, Shimadzu, Japan), and the pH was monitored with a pH/ISE meter (Dual Star TM , Orion, Singapore).
RESULTS AND DISCUSSION
Effect of Current Density
Since current density is an important operation parameter, its effect on the MFEDI performance for the electrical regeneration of the resins was investigated; for this purpose, different current densities (0, 250, 300, and 350 A/m 2 ) were tested. The initial nickel concentration was 10.0 mg/L, the flow rate during electrical regeneration was 7.1 L/h and the purification time for the new resins lasted 83 h. Fig. 2 shows how the nickel concentration in the concentrate stream varied with time without current and after applying a current density of 300 A/m 2 . In the first 20 min, no electricity was supplied and the resin was simply regenerated by deionized water in the MFEDI stack. The nickel concentration in the concentrate stream was around 10.0 mg/L, as a consequence of the release of nickel ions from the resin phase to the solution phase; a similar result has been observed by Zhang et al. [20] when performing electrodeionization to purify wastewater containing Cs + . After these first 20 min, current was supplied and the nickel concentration promptly increased up to 123.1 mg/L at 22 min, and then, decreased gradually to 78.8 mg/L at 40 min. This indicates that electric current is crucial in the regeneration of exhausted resins. It should be noted that, the concentrate stream has great potential to be reused for industrial activities such as mining and electroplating; thus, our future efforts will be focused on the reuse and recycling of concentrated heavy metal solutions. Fig. 3 and 4 compare the nickel concentration of the concentrate stream and the voltage, respectively, for the different current densities tested. In all cases using current, the nickel concentration in the concentrate stream decreased during the regeneration process. By mixing all the concentrate stream, the average nickel concentrations observed at 250, 300, and 350 A/m 2 were, respectively, 70.8, 94.7, and 103.2 mg/L; in other words, the higher the current density, the lower the nickel concentration in the concentrate stream. This result can be explained with the following reactions:
where R-H is the cation resin in the hydrogen form, R-OH is the anion resin in the hydroxide form, R2-Ni is the cation resin in the nickel form, and R-Cl and R2-SO4 are the anion resin in, respectively, the chloride and the sulfate form. In the MFEDI stack, when electricity was supplied, reaction (1) might have occurred at the cathode, while reaction (2) could occur at the anode. On the other hand, under a direct electric field, the nickel ions migrated downward (the cathode was on the bottom), while the chloride and sulfate ions went upward. This resulted in a rapid depletion of ions at the interfaces of the anion and cation exchangers, causing reaction (3) [32] . The hydrogen ions produced by the reactions (2) and (3) could obviously regenerate the cation exchange resin through reaction (4); at the same time, the hydroxide ions produced by the reactions (1) and (3) could regenerate the anion exchanger through the reactions (5) and (6) . As the current density increased from 250 to 300 A/m 2 , the rates of the reactions (1)-(3) increased and also the nickel concentration did. Fig. 4 shows that the voltage dropped during the regeneration process but increased with the current density supplied; its average values were 1115, 1158, and 1280 V at 250, 300, and 350 A/m 2 , respectively. This increase was obviously more significant at higher current densities, which was related to the resin form in the MFEDI system. A previous study [29] has shown that, as the regeneration proceeds, the resins change from the salt form to the hydrogen and hydroxide forms, increasing their conductivity and reducing the voltage of the MFEDI system. Since the salt form of the resins declined more slowly at higher current density, the voltage increased more sharply when the current density raised.
The MFEDI performance was evaluated in terms of water recovery ratio (R, %) and energy consumption (E, kWh/m 3 ), which were defined as follows:
where Q1 is the flow rate during purification (L/h), Q2 is the flow rate during electrical regeneration (L/h), t1 is the purification time (h), t2 is the electrical regeneration time (h);
where I is the electrical current (A) and U is the average voltage (V). Fig. 5 presents the water recovery ratio and energy consumption of the MFEDI system at different current densities. As shown, the water recovery ratio increased gradually with the current density; it was 85.7%, 89.5%, and 90.0% at 250, 300, and 350 A/m 2 , respectively. However, the 300 A/m 2 current density led to the lowest energy consumption (4.1 kWh/m 3 ); while 250 and 350 A/m 2 resulted in energy consumptions of 4.7 and 5.0 kWh/m 3 , correspondingly. Therefore, 300 A/m 2 was identified as the appropriate current density for electrical regeneration since it simultaneously provided high water recovery ratio and low energy consumption. Hu et al. [33] and Su et al. [31] reported optimal current densities of 63 and 75 A/m 2 , respectively, when using MFEDI for the production of high purity water. The wastewater treated mainly contained monovalent sodium and chloride ions, and the resins absorbed those ions could be easier regenerated. Therefore, the current densities in these studies are much lower. 
Effect of Flow Rate during Electrical Regeneration
The flow rate during electrical regeneration is key in the electrical regeneration of ion exchange resins. Thus, three different flow rates (7.1, 10.6, and 14.2 L/h) were used to investigate its effect; the purification time for the new resins lasted 83 h, the initial nickel concentration was 10.0 mg/L and the current density was 300 A/m 2 . Fig. 6 shows the nickel concentration observed in the concentrate stream at the various flow rates. It always dropped during the regeneration process, consistently with that observed in Fig. 3 ; in addition, it decreased with the flow rate due to the corresponding increased volume of the regeneration solution. This can be explained as follows. When the flow rate increased, the turbulence in the MFEDI system increased accordingly, increasing the migration of the ions from the resin to the solution; in addition, this increased flow rate might have decreased the contact time, hindering the adsorption of the nickel ions by the resins [34] . As a result, the total amount of regenerated nickel ions increased. Fig. 7 presents the voltage variations at different flow rates during electrical regeneration. The voltage decreased with time but increased with the flow rate; its average values were 1158, 1417, and 1469 V at flow rates of 7.1, 10.6, and 14.2 L/h, respectively. As the nickel concentration in the concentrate stream decreased with the flow rate, the solution conductivity decreased accordingly. As a result, the voltage increased. This voltage increase with the flow rate was obviously proportional to that of the nickel concentration. When the flow rate increased from 7.1 to 10.6 L/h, the voltage increase was reduced.
The energy consumption and water recovery ratio of the MFEDI system were also evaluated at these flow rates. As shown in Fig. 8 , the water recovery ratio decreased with the flow rate; its largest value (89.5%) was obtained at 7.1 L/h, while water recovery ratios of 87.5% and 83.3% were observed at 10.6 and 14.2 L/h, respectively. In addition, the lowest energy consumption (4.0 kWh/m 3 ) was reached at a flow rate of 10.6 L/h, due to the lower voltage and higher nickel concentration of the concentrate stream, while 4.1 and 4.4 kWh/m 3 values were obtained at 7.1 and 14.2 L/h, respectively. In general, both the water recovery ratio and the energy consumption were very close when the flow rate was 7.1 and 10.6 L/h. Therefore, the appropriate flow rate during electrical regeneration depends on the request; for example, the flow rate suggested for higher water recovery ratios would be 7.1 L/h. 
Effect of Initial Nickel Concentration
To examine the effect of the initial nickel concentration on the electrical regeneration of the resins, this parameter was varied from 5.0 to 20.0 mg/L. Here the flow rate during electrical regeneration was 7.1L/h, the current density was 300 A/m 2 . Since the initial nickel concentration was different, the amount of nickel ions absorbed by the resin in the purification step might also vary. It is meaningful to investigate the purification time of the new resin. Thus, the purification time of the MFEDI system with the new resins during purification, and the nickel concentration of the concentrate stream as well as the voltage during regeneration are shown in Fig. 9 .
It can be found that, the purification time decreased with the initial nickel concentration (the conductivity of the dilute stream was below 0.3 μS/cm); it was 175, 83, 54, and 39 h for 5.0, 10.0, 15.0, and 20.0 mg/L nickel concentrations, respectively. However, the total amount of nickel ions adsorbed by the resins was barely affected by the initial nickel concentration since its corresponding values were 6.2, 5.9, 5.8, and 5.5 g, according to the flow rate during purification, nickel concentration, and removal time. Figure 10 . Water recovery ratio and energy consumption of the MFEDI system at different initial nickel concentrations. The current density and flow rate during electrical regeneration were 300 A/m 2 and 7.1 L/h, respectively. Fig. 9 also reveals that both the nickel concentration in the concentrate stream and the voltage were slightly influenced by the initial nickel concentration; they were around 93.0 mg/L and in the 1110-1215 V range, respectively. The close voltage resulted from the same amount of nickel ions absorbed by the resins. Fig. 10 illustrates the water recovery ratio and energy consumption of the MFEDI system at the various initial nickel concentrations. Their corresponding values were 94.6%, 89.5%, 83.3%, and 77.8% and 1.9, 4.1, 7.2, and 10.4 kWh/m 3 at 5.0, 10.0, 15.0, and 20.0 mg/L concentrations, respectively. Therefore, to simultaneously decrease the energy consumption and increase the water recovery ratio, the suggested initial nickel concentration should not exceed 10.0 mg/L. According to the precipitation equilibrium principle, when the ionic product of nickel and hydroxide ([Ni 2+ ]‧[OH -] 2 ) exceeds the solubility product of nickel hydroxide (5.50 × 10 -16 (mol/L) 3 at 298 K [35] ), nickel hydroxide precipitation occurs. Fig. 11-13 show the variation of the pH in the concentrate stream with time for the same experiments represented in Fig. 2, 6 , and 9. Steady pH values in the 7.5-7.7 range were initially observed in all the experiments; this was probably due to the high concentration of ions in the anion and cation exchangers, leading to equivalence regeneration of the two types of resins. After about 5 min, the pH gradually decreased down to about 6.1, mainly because of the regeneration difference between the anion and cation exchange resins. The anion exchangers that absorbed monovalent chloride ions were more easily regenerated than the cation ones that absorbed divalent nickel ions; thus, more hydroxide ions were consumed, decreasing the pH of the concentrate stream. Based on the observed pH ( Fig. 11-13 ) and nickel concentration values (Fig. 2, 6 and 9 ), the ionic product of the nickel and hydroxide ions was calculated; the results are listed in Table 2 . The ionic product was consistently lower than the solubility product of nickel hydroxide; in addition, it declined with the regeneration time, which could be attributed to the corresponding decreased nickel concentration and pH in the concentrate stream. On the other hand, since the top electrode was the anode, the hydrogen ions produced by water electrolysis flew downward with the regeneration solution. As a result, the pH of the concentrate stream decreased with the resin bed height, as shown in Fig. 14, where the flow rate during electrical regeneration was 7.1 L/h, the initial nickel concentration was 10.0 mg/L, the current density was 300 A/m 2 . Both the highest pH and nickel concentration were obviously obtained in the solution of the cathode, which therefore exhibited the highest ionic product. Thus, there was no nickel hydroxide precipitation during the entire electrical regeneration process.
Nickel Hydroxide Precipitation
CONCLUSION
Current density, flow rate during electrical regeneration, and initial nickel concentration had different effects on the electrical regeneration of ion exchange resins and, consequently, also on the energy consumption and water recovery ratio. In particular, increasing the current density and flow rate provided better electrical regeneration performance, while the initial nickel concentration had no clear influence on the resin regeneration. The results indicated that the optimal current density to reduce the energy consumption should be 300 A/m 2 , while the suggested flow rate during electrical regeneration to enhance the water recovery ratio would be 10.6 L/h. Besides, decreasing the initial nickel concentration could promote the MFEDI performance and, thus, its value should be lower than 10.0 mg/L.
In the electrical regeneration step, the concentrate stream successfully prevented the nickel hydroxide precipitation, which is the major problem in the practical application of MFEDI for the treatment of heavy metal containing wastewater. Furthermore, under optimal conditions, the concentrate stream was almost neutral and it could be reused directly. Therefore, the results suggested that the improved MFEDI stack configuration could feasibly realize long-term purification of heavy metal containing wastewater.
